Virtual reality (VR) and event-related functional magnetic resonance imaging were used to study memory for the spatial context of controlled but lifelike events. Subjects received a set of objects from two different people in two different places within a VR environment. Memory for the objects, and for where and from whom they were received was tested by putting the subject back into a place in the company of a person and giving a paired forced choice of objects. In four conditions objects had to be chosen according to different criteria: which was received in that place, which was received from that person, which object was recognized, and which object was widest. Event-related functional magnetic resonance imaging was performed during testing to identify areas involved in retrieval of the spatial context of an event. A network of areas was identified consisting of a temporoparietal pathway running between the precuneus and parahippocampi via retrosplenial cortex and the parieto-occipital sulcus, left hippocampus, bilateral posterior parietal, dorsolateral, ventrolateral and anterior prefrontal cortices, and the anterior cingulate. Of these areas the parahippocampal, right posterior parietal, and posteriodorsal medial parietal areas were specifically involved in retrieval of spatial context compared to retrieval of nonspatial context. The posterior activations are consistent with a model of long-term storage of allocentric representations in medial temporal regions with translation to body-centered and head-centered representations computed in right posterior parietal cortex and buffered in the temporoparietal pathway so as to provide an imageable representation in the precuneus. Prefrontal activations are consistent with strategic retrieval processes, including those required to overcome the interference between the highly similar events.
INTRODUCTION
Memory for the events we experience as we move around our environment is fundamental to normal functioning in daily life. This type of memory is often referred to as "episodic" (Tulving, 1983) and is crucially dependent on the medial temporal lobes (Scoville and Milner, 1957; Aggleton and Brown, 1999; VarghaKhadem et al., 1997; O'Keefe and Nadel, 1978 ). An event may be defined as a temporally localized change in the state of the world (e.g., "it started to rain," or "she called him"), although our memory for the occurrence of the event often includes more than just those changes. It is possible to distinguish between three types of information that may be stored in the memory for a real-world event: first, there is information corresponding to the content of the event itself, i.e., to the change in the world that forms the event; second, information corresponding to the ongoing external context of the event, such as where and when it occurred, who was involved, etc.; third, information corresponding to ongoing internal states (e.g., emotional) of the subject at the time of the event. In this paper we concern ourselves with the first two types of information, the content and external context of events, and focus specifically on the spatial context.
It has been argued that, in some circumstances, memory for the content and the context of events may dissociate. Content of events can be recognized in the absence of knowledge regarding the context of the event, perhaps via an unattributable feeling of familiarity or "knowing." This type of recognition memory has been contrasted with the recall of specific contextdependent episodic information, or "remembering" (Gardiner and Java, 1993; Tulving, 1993; Knowlton and Squire, 1995) . Lesion data from humans and animals have implicated the hippocampus in the recall of context-dependent episodic information but not in content-memory such as object recognition (O'Keefe and Nadel, 1978; Zhu et al., 1996; Murray and Mishkin, 1998; Baxendale et al., 1997; Vargha-Khadem et al., 1997; Wan et al., 1999; Aggleton and Brown, 1999 ; although see Manns and Squire, 1999; Zola et al., 2000, for an alternative point of view). This can be interpreted as a distinction between recognition and recall, although the difference between these two processes is not always clear-cut. Here we use a paired forced choice recognition paradigm in all memory conditions; however, some conditions clearly involve recall, e.g., making the choice of which object was received in a given place, see below.
As well as its undoubted role in episodic memory, there is also a wide range of research from animals implicating the hippocampal formation in large-scale spatial memory and navigation (O'Keefe and Nadel, 1978; Morris et al., 1982) . In humans, neuropsychological studies have implicated the right medial temporal lobes in spatial tasks (Smith and Milner, 1989; Nunn et al., 1999; Pigott and Milner, 1993; Baxendale et al., 1998) , including the hippocampus and parahippocampus (Abrahams et al., 1999; Bohbot et al., 1998) . Functional neuroimaging evidence (Maguire et al., 1998; Grön et al., 2000) points to a role for the right hippocampus in the performance of spatial navigation, paralleling that in animals. The involvement of the left human hippocampus during real-world spatial memory tests has also been observed (Maguire et al., 1998; Grön et al., 2000; Maguire et al., 1996) , but its contribution appears distinctly different to the right, possibly relating to more general aspects of episodic memory (Maguire et al., 1998; Grön et al., 2000) . The posterior parahippocampus has also been implicated in topographical either alone or in conjunction with the hippocampus for object location memory (Abrahams et al., 1999; Ghaem et al., 1997) and in memory for the locations of objects (Johnsrude et al., 1999; Maguire et al., 1998b) . It has been suggested that the use of spatial context in episodic recollection might explain how the role of the hippocampus in spatial memory in rats has evolved into a role in more general episodic recall in humans (O'Keefe and Nadel, 1978) .
A related line of argument holds that the complementary representations of location found in hippocampal and parietal regions naturally predispose them to complementary roles in memory (Goodale and Milner, 1992; Milner et al., 1999; Burgess et al., 1999) . Specifically, the allocentric (world-centered) representations found in and around the hippocampus (O' Keefe and Nadel, 1978) and presubiculum (Taube, 1998) are suitable for long term storage of spatial information as the animal will have moved before recall. Conversely, the egocentric representations found in the parietal cortex (Hyvarinen and Poranen, 1974; Mountcastle et al., 1975) are suitable for supporting action, short-term memory, and imagery. Posterior parietal areas (specifically area 7a) appear to support the necessary translation of spatial information between allocentric and body-centred reference frames (Snyder et al., 1998) and between the various egocentric reference frames (Andersen et al., 1985) . This position is consistent with the occurrence of hemispatial neglect in imagery following right parietal or frontal damage (Bisiach and Luzzatti, 1978; Guariglia et al., 1993) . These patients appear to have an intact viewpoint-independent longterm representation of an entire familiar piazza, but right parietal or frontal damage has impaired their ability to construct a viewpoint dependent representation in imagery (see also (Baddeley and Leiberman, 1980) ). Such a spatial memory system would be expected to include the parahippocampus in representing the spatial information in visual scenes (Epstein and Kanwisher, 1998; Aguirre et al., 1996; Bohbot et al., 1998; Maguire et al., 1997; Maguire et al., 1998b) and the posterior cingulate and retrosplenial cortices, which have also been associated with topographical memory (Takahashi et al., 1997; Alsaadi et al., 2000; Cooper and Mizumori, 1999) .
Functional neuroimaging of memory for the spatial context of an event has previously been used to investigate the neural basis of episodic memory, using words presented in different parts of a computer screen (Nyberg et al., 1996; Henson et al., 1999; Rugg et al., 1999; Kohler et al., 1998) . Interestingly, these studies have tended to show prefrontal rather than medial temporal activation. In a conjunctive analysis of four studies LePage et al. (2000) identified six prefrontal areas in the anterior cingulate, bilateral dorsolateral, and anterior and right ventrolateral prefrontal, implicated in episodic memory. In addition, the precuneus has been associated with imagery for the products of retrieval (Fletcher et al., 1995) .
More generally it is noticeable that functional neuroimaging during retrieval of conventional laboratory stimuli such as lists of words, pictures, or word pairs have been more successful in activating prefrontal areas than medial temporal ones (Tulving et al., 1994; Ungerleider, 1995; Fletcher et al., 1997) . Midline areas such as the anterior cingulate (Buckner et al., 1996; Nyberg et al., 1996; Heun et al., 1999) and posterior cingulate or retrosplenial cortex (Andreasen et al., 1995; Krause et al., 1999; Desgranges et al., 1998; Wiggs et al., 1999; Grasby et al., 1993) are also typically activated in these studies. The number of studies showing retrieval-related medial temporal activations has increased recently, for example, Eldridge et al. (2000) found hippocampal activation associated with "remembering" versus "knowing" that a word had been previously presented. However, these studies remain a fraction of the number of studies that do not show medial temporal activation; see e.g., Schacter and Wagner (1999a) , including studies using similar paradigms to those that do, e.g., Henson et al. (1999b) .
By contrast, recent studies of autobiographical memory have implicated the medial temporal lobes in episodic retrieval on the left (Maguire and Mummery, 1999; Maguire et al., 2000) or on the right (Fink et al., 1996) . These studies use autobiographical interviews (see, e.g., Kopelman et al., 1989) or interviews of family members, aimed at finding out the details of events actually experienced by the subject so that they can be tested on their memory for them. Here the material to be remembered, although accessed in the form of verbal descriptions, are drawn from real life events. Thus it is possible that the feature of episodic retrieval concerning the medial temporal lobes relates to recovery of the rich context associated with an event, e.g., the people and places involved. However, obtaining large numbers of such stimuli and controlling for differences between the salience and type of events, differences between subjects, and interference subsequent to encoding (e.g., during the interview or in conversation with family members) as well as gauging the accuracy of recall can all be difficult. Perhaps because of some of these problems, studies using autobiographical stimuli have so far not attempted to distinguish between specific aspects of retrieval and in particular the retrieval of spatial context.
In this paper we present a virtual reality (VR) paradigm that provides a controlled way of testing memory for different aspects of a lifelike event and its context. Each event consisted of getting an object from one of two different people in one of two different places while the subject followed a route through a virtual town. The object received identified the event while the event's context included the person and place involved. We focus on memory for the context of an event and, most specifically, where it happened. Testing used the same paired forced-choice recognition paradigm for all conditions: Two objects and a person were presented in a place and four types of question were indicated by a single word below objects. (See Fig. 1 .) There were three memory conditions: "place"-which object did you receive in this place? "person"-which object did you receive from this person? "object"-which object did you receive? The fourth condition was purely perceptual: "width"-which object is widest? For place questions the choice was between an object received in the current place and one received elsewhere. This tested memory for spatial context. For person questions the choice was between an object received from the current person and one received from a different person. This served as a control for nonspatial contextdependent memory. For object questions the choice was between an object that had been received and a novel object of similar appearance. This controlled for context independent memory. For width questions the choice was between two of the received objects. This controlled for memory.
Event-related functional magnetic resonance imaging (efMRI) was performed while subjects answered the questions. Although navigating through and out of the places where questions occurred, participants were static while a question was presented and during a 4-s wait until two buttons appeared onscreen to indicate that a left-right keypad response should be made to indicate one of the objects. The question types were pseudorandomly interleaved. Thus all conditions involved presentation of the same visual scenes, performance of the same responses, and the same behaviour and expectations before and after each question. An event-related analysis was performed on the fMRI data, with events associated with the pause between presentation and response of correctly answered questions. See Materials and Methods.
MATERIALS AND METHODS

Virtual Town
A first-person perspective virtual reality town was created by modifying a commercial PC video game (Duke Nukem 3D, 3D Realms Entertainment, Apogee Software Ltd., Garland, TX), using the editor provided (Build, Ken Silverman, 3D Realms Entertainment). The town consisted of several buildings and roads through which subjects could move (similar to that used in a previous study (Maguire et al., 1998) ); see Fig. 1 . Subjects moved through the town using four keys corresponding to forward, reverse, left, and right. Prior to entering the scanner, a 17-inch PC monitor was used to present the stimuli. Subjects explored the town until they felt confident they could find their way around it (range: 20 -40 min). They then practised following a route of arrows, meeting a person on the route and getting an object from them (pressing a fifth button when 2-5 m away from a person causes an object to appear in front of the person, approaching close to the object causes it to disappear again-see Fig. 1 ). Subjects also practised receiving four objects (using different people and places than those used during the experiment proper) and also practised answering one of each type of paired forced choice question regarding the objects collected. They were told to simply pay attention to the events as they would be tested on their memory for the object, where they got it, and whom they got it from. They were told that the person should be ignored during a place question and the place should be ignored during a person question as these would be irrelevant. To screen for subjects that might use any elaborate verbal or visual mnemonic strategy, they were asked how they had answered the practice questions. If they answered "I just tried to remember what happened" or similar, they were told "good, that is what we want you to do." Anyone using an explicit strategy was told to simply "pay attention to the events" and "just try to remember what happened" during scanning. After scanning subjects were again debriefed to check whether any explicit strategy had been used. All participants entered into the efMRI analysis appeared to understand the instructions and none of them reported using an explicit mnemonic strategy.
Procedure
Following practise, subjects entered the scanner. The town was displayed on a 24 ϫ 16-cm screen appearing 30 cm above the eyes, subjects moved through the town by pressing four buttons on a keypad using their right hand and indicated left/right responses by pressing two buttons on a keypad using their left hand. Once in the scanner but prior to scanning, subjects followed the route of arrows and received 16 objects from two people in two places (these were the 16 epsiodic events). The objects, people, and places were all different from those used during practise but the route was the same. The places were two rooms in different buildings, the precise location of the people in the rooms and the direction from which they were approached varied. This, together with the rooms' rather similar décor meant that the place of an event was not simply synonymous with the visual scene when it occurred. Scanning was then performed while subjects performed 64 paired forced choice recognition tests corresponding to the four types of question regarding the 16 events. The four different types of question (conditions) were pseudorandomly interleaved such that each block of four contained one question from each condition. Each question occurred as follows: the subject found himself near one of the two places where he had received objects. He then approached the person present in that place and turned to face the nearest wall (this direction was indicated by an arrow). This procedure was used to ensure that the subjects' perception of place was supported by the process of getting there as well as by visual recognition. Two objects then appeared side by side on the wall, together with a word indicating the type of question to be answered (place, person, object, width). Four seconds later two buttons appeared on the wall to indicate that the subject should now make the left-right response to answer the question using the keypad. The subject then moved through the nearest doorway marked "next," which triggered the presentation of the next question. Ethical permission for this study was provided by the joint medical committee of the National Hospital for Neurology and Neurosurgery and the Institute of Neurology. All participants gave written informed consent.
Scanning Parameters and Data Analysis
Data were acquired using a 2 Tesla Magnetom VI-SION (Siemens, Erlangen, Germany) whole body MRI system equipped with a head volume coil. Contiguous multislice T2*-weighted fMRI images were obtained (echo time (TE) ϭ 40ms) with echoplanar imaging (EPI) using axial slice orientation. The volume acquired was the whole head (32 slices, each 3-mm thick, 3.3-s per volume). For each subject 400 volumes were acquired continuously in 21 min, while the subjects made their 64 responses. A structural MRI scan using a standard three-dimensional T1-weighted sequence was also acquired. Image analysis was performed using SPM99 (Wellcome Department of Cognitive Neurology, London, UK). The T2* images for each subject were preprocessed as follows: they were realigned (with each other) and coregistered with the structural scan. Temporal linear interpolation was used so that each volume could be considered as acquired simultaneously despite the sequential acquisition of slices. The EPI and structural images were spatially normalized to a standard template (Montreal Neurological Institute; Evans et al., 1993) to produce images of 3 ϫ 3 ϫ 3-mm voxels (EPI) and 1.5 ϫ 1.5 ϫ 1.5-mm voxels (structural) in stereotactic space (Talairach and Tournoux, 1988) . These images were then spatially smoothed with a Gaussian filter (6 mm FWHM). As part of the functional analysis (see below), the EPI images were temporally smoothed with a Gaussian (4 s FWHM), high-pass filtered, and scaled to give a grand mean signal of 100 across all voxels in all images to remove global effects. The maximum period of signal passed by the high pass filter was set to 2*(3.3 ϩ t), where t is the maximum duration between events of a given type so as not to filter out event-related signal (maximum period across subjects has mean 306 s, standard deviation 37 s).
As subjects' responses were self-paced, their responses (left or right key presses) and the slice being acquired at that time were logged so that an eventrelated analysis (Friston et al., 1998) could be performed. During the 4 s prior to a response we presume that the subject looked at the objects, read the word describing the question type, and decided on his response. For place and person questions the decision depends on memory for the appropriate aspect of the events associated with the objects, for object questions it depends on recognition of one of the objects, for width questions it depends on visual inspection of the objects. The MRI signal at a voxel corresponding to each condition was modelled as a vector of haemodynamic response functions time aligned to 1 vol acquisition (i.e., 3.3 s) prior to each correct response in that condition. Incorrect responses were not analyzed as these do not necessarily correspond to the appropriate mnemonic processing. The coefficients of these vectors forming the best fitting linear model were found using SPM99 (Wellcome Dept. of Cognitive Neurology, London, UK). Pairs of images of coefficients (referred to as 'parameter estimates' below) were combined by subtraction to form contrast images corresponding to the following hierarchical planned comparisons: place-width, placeobject, place-person, person-width, person-object, object-width. We consider the areas showing significant differences in parameter estimates across the 13 participants (see below). For these areas we also consider the absolute values of the parameter estimates across the four conditions.
We assume that the size of a parameter estimate in a voxel reflects the size of the hemodynamic response to neural activity or 'activation' related to events in the corresponding condition. The significance of a comparison at each voxel was tested with a one-tailed onesample t test of the value of the contrast being greater than zero (e.g., place-width Ͼ 0). Differences in predicted areas of interest (hippocampus, parahippocampus, cingulate, medial and posterior parietal, retrosplenial, fusiform gyrus, dorsolateral, ventrolateral, and anterior prefrontal cortices; see Introduction) were assessed as significant at the P Ͻ 0.001 level uncorrected for multiple comparisons, and P Ͻ 0.05 corrected for multiple comparisons in other areas. A minimum extent threshold of at least 3 voxels was also imposed.
Note that the event-related haemodynamic response reflected in a parameter estimate is relative to the baseline activity before and after the events. This study uses a very active baseline task of moving through the town looking for a person (before the event) and looking for the exit (after the event). The events themsleves (answering a memory or control question) occur when the subject is static. As this is the same for all conditions it has no impact on the contrasts of parameter estimates. However, we would expect the absolute values of parameters to be negative in areas strongly activated by the baseline task. The absolute value of a parameter can be compared to the percentage signal change from baseline at the peak of the hemodynamic response to an event of a given type by multiplying by 2.84 (the peak height of the hemodynamic response function).
RESULTS
Behavioural Data
Subjects in sound physical and mental health were recruited from adverts placed in the departments of Psychology and Anatomy. Two thresholds were applied to subjects' performance: no more than 11 errors in the context-dependent memory questions combined (place and person, i.e., above chance at the 0.05 level) and no more than six errors in each individual condition (i.e., above chance at the 0.25 level). The data from 13 healthy right-handed male volunteers (mean age 27.2, standard deviation 1.0 years) exceeding these thresholds were entered into a random effects analysis, see Materials and Methods. Seven subjects failed to exceed these thresholds (mean and standard deviation of number of errors per condition were: place, 7.0, 1.6; person, 6.7, 3.0). Not all 13 subjects entered into the analysis answered all 16 questions in each condition during the scanning period (mean number of questions answered and standard error per type: 15.5 Ϯ 0.3 place; 15.2 Ϯ 0.2 person; 15.2 Ϯ 0.2 object; 15.2 Ϯ 0.2 width). The mean and standard error for the interevent intervals were 22.5 and 0.6 s. There was no significant difference in performance between the two context-dependent questions: person (80%, S.E. 3%), place (79%, S.E. 2%). Performance on the object question was significantly better (88%, S.E. 2%). Answers to width questions were assumed correct given the participant's point of view.
efMRI Data
The entire network activated by accessing the memory for spatial context can be seen by contrasting place with the (nonmemory) width condition. Areas of significant activation are shown in color in Fig. 2A and detailed in Table 1 . Interestingly, this contrast reveals a well-circumscribed pattern of activation in all three areas mentioned in the Introduction. This includes the parietal and prefrontal areas implicated by neuroimaging of retrieval of conventional laboratory stimuli, and the medial temporal areas implicated in neuropsychological studies and in neuroimaging of retrieval of autobiographical stimuli. More specifically, these activations fall into four broad anatomical regions: (i) an almost continuous activation running between the precuneus and bilateral parahippocampal cortices via the parieto-occipital sulcus and retrosplenial cortices, extending into the hippocampus on the left; (ii) bilateral posterior parietal cortex; (iii) anterior and mid cingulate; (iv) bilateral dorsolateral, ventrolateral, and anterior prefrontal cortex. The detail of the posterior activation revealed by the place versus width contrast is revealed in Fig. 3 by using a lower threshold (P Ͻ 0.01 uncorrected). Here we can see the continuous nature of the activation running between the precuneus and the parahippocampal cortex via the parieto-occipital sulcus and retrosplenial cortex and extending into the left hippocampus (and the right hippocampus below threshold: P Ͻ 0.003 uncorrected).
The contrast of the equally context-dependent person condition versus width reveals a similar network of activations to the place versus width contrast, but without significant activation of the parahippocampal and ventrolateral prefrontal cortices, anterior cingulate, and left hippocampus. There is also significantly less activation of retrosplenial cortex (see Table 2 ). The same pattern of results is repeated in the comparison of place with object as in the comparison with width, although the left hippocampal activation falls below threshold (see Table 3 ). The contrast of person with object is similar to the comparison with width except that the left ventrolateral prefrontal cortex and anterior cingulate are now above threshold, while the right dorsolateral prefrontal cortex falls below threshold (see Table 4 ).
The comparison of object with width is shown on Table 5 , comprising much weaker activation in the precuneus and parieto-occipital sulcus and additional activation in the right fusiform gyrus. The (relatively posterior) fusiform area activated in this contrast was not significantly activated in the contrasts of object with person or place, although a nearby region of the right inferior temporal gyrus (BA 37) was active in both these contrasts (object-person: 48 Ϫ69 Ϫ12, Z ϭ 5.11; object-place: 51 Ϫ66 Ϫ18, Z ϭ 4.6), as was an anterior right fusiform area (BA 20, object-person: 33 Ϫ24 Ϫ27, Z ϭ 3.42; object-place: 42 Ϫ9 Ϫ33, Z ϭ 3.77). Activations seen in these latter contrasts, but not in the contrast with width, presumably reflect the extra attention paid to the objects themselves in the object and width conditions compared to the place and person conditions. As we did not have specific predictions for these contrasts the threshold of P Ͻ 0.05 corrected for multiple comparisons was applied. Significant activation was seen in the right inferior temporal gyrus in object versus person (see above) and an area in the right intra parietal sulcus in object versus place (BA 40, 54 Ϫ27 48, Z ϭ 5.18; also activated, subthreshold, in object-person: 42 Ϫ39 39, Z ϭ 3.61). Consistent, subthreshold, activation in the contrast of object with both place and person was also seen in the right inferior frontal gyrus (BA9/44, object-person: 57 9 9, Z ϭ 4.44; object-place: 51 9 18, Z ϭ 4.39).
The areas explicitly involved in the memory for spatial context as opposed to the memory for person are shown by the direct contrast of place versus person, see Figure 2B and Table 6 . The main areas revealed in this contrast are bilateral posterior parahippocampal and retrosplenial cortices, extending on the right to a lateral posterior parietal area via the parieto-occipital sulcus. Of the large precuneal activation in the con- trast of place with object or width, only a posteriodorsal region (BA7) is significantly activated in this contrast. We note the presence of a more anterior and dorsomedial right parahippocampal activation and a (subthreshold) left insular activation in this contrast (see Fig. 2B ). These activations are difficult to interpret as they were not present in the basic place versus width, and thus reflect a deactivation in the person condition relative to width.
In the opposite contrast of person versus place, one area of activation fell into our areas of interest: mid cingulate (BA 31, 3 Ϫ12 48, Z ϭ 3.29), while activation in the left superior temporal gyrus/temporal pole (BA 38, Ϫ57 15 Ϫ6, Z ϭ 3.75 and Ϫ33 12 Ϫ39, Z ϭ 3.35)
were consistent with previous studies of autobiographical memory (Maguire and Mummery, 1999; Maguire et al., 2000) . Other activations, in the posterior left superior temporal gyrus (BA39 Ϫ60 Ϫ48 12, Z ϭ 3.22) and right intraparietal sulcus (BA7/40, 42 Ϫ45 63, Z ϭ 3.39), neither survived correction for multiple comparisons nor were predicted by previous studies.
To better characterize the involvement of several regions, their activation in all memory conditions are shown in Fig. 4 (relative to baseline). We can see that the bilateral parahippocampal and posterior parietal cortices and the precuneal area in BA7 are primarily activated by the place condition. The right hippocampal area revealed at the lower threshold in Fig. 3 is also   FIG. 3 . Detail of the posterior activation in the place-width contrast are shown on saggittal, coronal, and horizontal sections through the average structural MR scan of the subjects. The threshold of P Ͻ 0.01 uncorrected reveals a continuous strip of activation between the precuneus and parieto-occipital culcus (A) and hippocampus (D) via the retrosplenial cortex (B) and to posterior parahippocampal gyrus (C). Note the much weaker activation of the right than left hippocampus (C and D). Color scheme in bottom right shows Z score equivalents.
primarily activated by the place condition. Thus the activation of all these areas probably reflects specifically spatial processing within context-dependent memory. By contrast, the bulk of the precuneus (BA 31/23), left dorso-and ventrolateral prefrontal cortices and the right anterior frontal region show no difference in the pattern of activation between the place and person conditions. These areas are clearly involved in general aspects of context-dependent episodic retrieval not specific to which aspect of context (who or where) is being retrieved. The remaining areas activated in the contrast of place with width show an intermediate pattern: graded response to the place, person, object, and width conditions. Thus, while indeed showing a degree of specificity for spatial context, the pattern of activation in these regions (including the left hippocampus) indicate involvement in context-dependent memory retrieval, but do not allow unambiguous interpretation of their role.
DISCUSSION
By combining efMRI and a novel VR paradigm, we have been able to investigate the neural basis of retrieval of the spatial context of lifelike events for the first time. Consistent with previous functional neuroimaging studies using conventional laboratory stimuli, we found extensive prefrontal cortical and medial parietal activation. Interestingly we also found medial temporal activation, consistent with neuropsychological studies and some functional neuroimaging studies of autobiographical memory. We consider these anterior and posterior activations in more detail below. Note. Areas of significant activation are shown (P Ͻ 0.001 uncorrected for multiple comparisons for predicted areas of interest, P Ͻ 0.05 corrected in other areas and a minimum extent threshold of at least 3 voxels, see Methods). The first coordinate (xyz) against an area indicates the location of the peak activation in the named area, further coordinates represent secondary peaks of activation. Abbreviations: right (R); left (L); parieto-occipital sulcus (POS); ventrolateral prefrontal cortex (vlpfc); dorsolateral prefrontal cortex (dlpfc); superior (sup). 
Posterior Activations
We have demonstrated the involvement of a temporoparietal network involved in the recall of the spatial context of an event. This network extends from the precuneus bilaterally down the parieto-occipital sulcus into posterior parahippocampal cortex via retrosplenial cortex, and includes bilateral posterior parietal, mid to posterior cingulate, and left hippocampus. Of these areas bilateral parieto-occipital sulcus, parahippocampal and right posterior parietal cortex, and BA7 (also right hippocampus, subthreshold) are specifically activated by the retrieval of where the event happened compared to whom it involved. By contrast, the bulk of the precuneus is equally activated in both conditions. Overall, there is a slight left lateralization despite the use of visual rather than verbal stimuli and the spatial nature of the place task.
What do these results tell us regarding the role of the hippocampus in episodic memory? The interpretation of our results is aided by having used the same tasks in neuropsychological studies. Briefly, a patient with hippocampal pathology due to perinatal anoxia (VarghaKhadem et al., 1997) performed at chance on the place and person questions, but was unimpaired on the object question (Spiers et al., 2001) . A group of left unilateral temporal lobectomy patients (TLPs) were impaired on the place and person questions, while right TLPs performed at a level intermediate to the left group and controls. By contrast, the right TLPs were impaired on a spatial navigation task and the left TLPs were not (Spiers et al., in preparation) . These results imply that the left hippocampal activation we observed in the place condition reflects processing of context necessary for the task, as does the subthreshold activation in the person condition, while the much weaker activation in the object condition does not (see Fig. 4 ).
The occurrence of more significant left than right hippocampal activation in the contrast of place and width, together with the previous finding of greater right hippocampal activation during spatial navigation in the VR town (Maguire et al., 1998) , corresponds well to the above patient studies. Overall these results imply a lateralization of hippocampal function with the left more involved in context-dependent episodic memory, and the right more involved in spatial navigation. This is consistent with the interpretation of previous findings of hippocampal activations during navigation, in which activation on the right was associated with geometric processes specific to accurate navigation while that on the left was associated with more general episodic memory (Maguire et al., 1998a; Grön et al., 2000) . These results are also consistent with the association of the right medial temporal lobe with memory for the locations of objects (Smith and Milner, 1981; Nunn et al., 1999; Abrahams et al., 1999) ; some of these tasks may be mediated by the parahippocampus (Johnsrude et al., 1999) , although a patient with focal hippocampal damage was found to be impaired on a test of allocentric spatial memory (Holdstock et al., 2000) . Our results also provide an interesting parallel to the association of the left medial temporal lobe with memory for the content of verbal stories (Frisk and Milner, 1990) . Since our task was nonverbal, and not explicitly verbally mediated, this suggests a common mechanism in the left hippocampus for narrative and events, possibly storing narrative by treating it as personal experience. Interestingly, the right hippocampus appears to be specifically involved in the place condition, albeit subthreshold. This may relate to the involvement of the right hemisphere in the long-term storage of the spatial components of prose passages (Martin et al., 1990) . It may also indicate a possible evolutionary route for left hippocampal function from a spatial to an episodic system via retrieval of spatial context (and reconstruction of the scene of the event). However, the left hippocampal involvement in the person condition implies that its role in episodic memory is now more than simple retrieval of spatial context as an aid to retrieval of other aspects of the event. It is difficult to tell if the slightly greater left hippocampal activation for place rather than person reflects a greater realism of the spatial context compared to the people or reflects a vestigial preferential involvement in spatial context. The activation of the entire length of the parietooccipital sulcus and right posterior parietal cortex (as seen in our place-person contrast) was also observed during the recall of routes around London by taxi drivers (Maguire et al., 1997) . This may indicate a similar process of recalling allocentric spatial information from long term memory: the increased left posterior parietal activation and reduced activation of the precuneus in the taxi driver study may relate to the use of verbal recall in that study. The retrosplenial involvement in the context-dependent memory conditions here, and in previous imaging studies using autobiographical stimuli (Fink et al., 1996; Maguire and Mummery, 1999; Maguire et al., 2000) , implies that this region plays an important role in episodic recall. This is corroborated by the observation of retrosplenial amnesia (Valenstein et al., 1987; Masuo et al., 1999) . The parahippocampal areas activated here show good correspondence to the location of the area activated by viewing spatial scenes (Epstein and Kanwisher, 1998) (peak activations at: Ϫ20, Ϫ39, Ϫ5 and 28, Ϫ39, Ϫ6). In their study differential activation was observed as a function of the different types of visual stimuli presented, and imaging was restricted to a posterior and ventral por- tion of the brain. Use of the same visual stimuli in all conditions and imaging of the entire brain allows us to demonstrate the involvement of this region in memory for spatial context and show how the response there relates to the responses in other parts of the memory network.
Several previous functional neuroimaging studies have failed to associate medial temporal regions with the retrieval of the spatial context of an event (Nyberg et al., 1996; Rugg et al., 1999; Henson et al., 1999; Kohler et al., 1998) . In these studies, the event to be remembered is the appearance of a word or picture on a screen, and its location on the screen provides its spatial context (often simply to the left or to the right). One possible explanation of the difference between these results and ours may be that locations on a screen in front of a static observer are likely to be encoded egocentrically (e.g., relative to the observer's head), while locations in the VR town need to be located allocentrically due to the movement of the observer. Single unit studies in rats and primates implicate the parietal cortex in egocentric representations of location (Hyvarinen and Poranen, 1974; Mountcastle et al., 1975; Andersen et al., 1985) and the hippocampus and neighboring structures in allocentric representations of location (O'Keefe and Nadel, 1978; Rolls et al., 1997) .
To interpret the pattern of posterior activations we return to the model of retrieval from episodic memory outlined in the Introduction. Put simply, this states that long-term memory makes use of the allocentric representations found in medial temporal regions, whereas short-term memory, including the working memory required for imagery and action, makes use of egocentric representations found in the parietal lobe (Burgess et al., 1999; Milner et al., 1999) . Under this model information regarding the event associated with getting one of the objects is retrieved from the hippocampus and used to generate an allocentric representation of the locations of the elements of the scene of the event in the parahippocampal gyrus. This representation is successively translated from allocentric to body-centered to head-centered representations with the aid of right posterior parietal cortex and BA7 into a viewpoint-dependent representation for visual imagery. These roles for BA7 have received support from a recent single-unit study (Snyder et al., 1998) . We assume that the precuneus supports inspection of the internal image, while the continuous strip of activation between the parahippocampus and precuneus reflects the buffering of successively translated representations of the scene of the event. The person condition also relies on imagery of an aspect of the context of an event, and its retrieval from long-term memory, explaining the activation of the precuneus and (subthreshold) left hippocampus in this condition. However, it does not require that the spatial scene of the event, including the relative locations of its components, be recalled, explaining the lack of the right parietal and parahippocampal to precuneus activation seen in the place condition. This mapping of function to structure is also consistent with the anatomical connections of both retrosplenial cortex and posterior parietal areas (BA7 (Burgess et al., 1999; Andersen, 1997) ) to the parahippocampus. For further details see (Burgess et al., 1999) and (Becker and Burgess, 2000) for a computational model.
The activation of the right fusiform gyrus in the contrast of object versus width is consistent with activation of this area in memory for object identity in several previous studies (Kohler et al., 1998; Moscovitch et al., 1995; Postle et al., 2000) . The right inferior temporal, intraparietal and inferior frontal areas activated in the comparisons of object versus place and person (but not in comparison to width) may reflect extra attention to the features of the objects themselves. However, the object condition involves novel foil objects while all other conditions involve solely the familiar objects. Thus, while the right fusiform activations may reflect object-memory and the right inferior temporal and intraparietal activations processing of object features (see, e.g., Faillenot et al., 1999) , effects of novelty may also contribute to these activations, and most likely contribute to the activation of the right inferior frontal gyrus (see, e.g., Kirchhoff et al., 2000; Opitz et al., 1999) . We note that most of the activations present in comparing place or person with object were also present in the comparison with width, so that object familiarity probably did not make a large contribution to these activations. Interestingly, there was no evidence of greater activation in the fusiform face area (coordinates: 40 Ϫ55 Ϫ10) (Kanwisher et al., 1997) in the person condition than in any of the other conditions. This lack of activation indicates that the faces of the virtual people were not strongly represented in memory, perhaps due to their low resolution, or were superseded by the presence of other obvious features by which the people could be distinguished (gender, clothing etc.; see Fig. 1 ).
Anterior Activations
The retrieval of the spatial context of an event activates seven well-circumscribed prefrontal areas: anterior cingulate and bilateral dorsolateral, ventrolateral and anterior prefrontal cortex. The areas have a close correspondence to the areas classically activated in previous studies of episodic retrieval of laboratory stimuli (Lepage et al., 2000) , although they are not usually all activated in the same study. The consistency of the locations across many studies indicates that the prefrontal activations found here are both reliable and not specific to the stimuli used. These areas were all significantly activated in the contrasts of place with object and with width. All but the ventrolateral areas and anterior cingulate were activated in the contrast of person and width, while all but the right dorso-and ventrolateral areas were activated in the contrast of person and object. While some of these areas, e.g., right ventro-and dorsolateral prefrontal, showed a greater response in the place condition than the person condition, none showed the strong spatial selectivity of response seen in some of the posterior areas (see Fig. 2B ).
Comparison with the patterns of prefrontal activation associated with memory for object location versus object identity in previous studies are hard to interpret due to variability across studies: producing activation on the left (Nyberg et al., 1996; Rugg et al., 1999) right (Henson et al., 1999) , or not at all (Johnsrude et al., 1999) . The fairly uniform distribution of prefrontal activations seen in the place and person conditions (i.e., successful retrieval of visuospatial stimuli using interleaved conditions) is inconsistent with some models of prefrontal recruitment. For example dorsal recruitment by spatial stimuli (Goldman-Rakic, 1995), right recruitment by retrieval (Tulving et al., 1994) or success (Rugg et al., 1996; Buckner et al., 1998a) , or the need for an ongoing retrieval mode (Lepage et al., 2000) . It is consistent with the idea that anterior regions are recruited by post retrieval processing (Buckner et al., 1998b; Allan et al., 2000) insofar as source memory requires more of this than object recognition. Performance data indicate that the place and person conditions were more difficult than the object condition, so that effort cannot be ruled out as a factor. However, previous studies argue against effort, as indexed by reaction time, being a factor in the anterior activation (Henson et al., 1999b; Konishi et al., 2000) .
The imaging studies of autobiographical memory using verbal stimuli that did activate medial temporal areas (Maguire and Mummery, 1999; Maguire et al., 2000; Fink et al., 1996) did not activate the range of prefrontal areas found here. Although these studies did not look specifically at retrieval of the location of events, we would expect retrieval of autobiographical stimuli to include retrieval of arbitrarily rich contexts, making context-dependent retrieval per se unlikely to be the cause of the greater prefrontal activation in our study. Three other differences between these studies and the present study are worth consideration. One difference concerns the earlier studies' use of verbal descriptions of past events, which would automatically engage verbal systems, and may not evoke as visually complete an image of the event as the representation of the context of the event used here. However, since extensive prefrontal activations are routinely found with conventional laboratory stimuli, we would not expect this to explain the greater frontal activation in the present study. A second difference concerns the relatively short time scale over which events were experienced in our study, i.e., the similarity in their temporal context. This difference may relate to some of the prefrontal activations in our study. The anterior cingulate has been implicated in retrieval of temporal context (Nyberg et al., 1996) , while right ventrolateral prefrontal activation has been associated with the retrieval of recent relative to remote events (Maguire et al., 2001) . More generally, frontal damage leads to impaired memory for the temporal order of recent events (Milner et al., 1985) . A third difference is the similar nature of the events used in our study compared to the rich diversity of the events used in autobiographical studies (e.g., being at a wedding, going to the dentist, etc.). This doubtless causes greater interference during retrieval, which may explain the recruitment of the dorsolateral and anterior prefrontal areas not seen in autobiographical studies.
Such an interpretation of the prefrontal role in episodic retrieval is consistent with neuropsychological studies. Lesions to medial or ventral prefrontal cortex or to frontotemporal connections can impair episodic retrieval (see, e.g., Levine et al., 1998; Warrington and Weiskrantz, 1982) , including source memory for which of two lists a given word came from (e.g., Janowsky et al., 1989) . However, frontal damage and, particularly, anterior and dorsolateral damage does not cause the dense amnesia seen after bilateral medial temporal damage (see, e.g., Burgess and Shallice, 1996, p. 392; Moscovitch, 1995; Moscovitch and Melo, 1997) . Explicit comparisons of the effects of lesions to the frontal and temporal lobes implicate the medial temporal lobes in the storage of episodic memory and the frontal lobes in the use of organisational strategies in encoding and retrieval (Incisa-della and Milner, 1993; Smith et al., 1995; Frisk and Milner, 1990; Gershberg and Shimamura, 1995; Owen et al., 1996; Kopelman and Stanhope, 1998) , including those required to cope with the interference between items and lists (Incisa-della and Milner, 1993; Smith et al., 1995) .
CONCLUSIONS
There has been a puzzling tendency for episodic retrieval of conventional laboratory stimuli, such as lists of words, to produce anterior or dorsolateral prefrontal activation rather than medial temporal activation. This is at odds with the neuropsychological evidence relating the medial temporal lobes to amnesia and prefrontal regions with the application of strategy, including the strategic organisation of retrieval. It also contrasts with studies of autobiographical memory that have activated medial temporal regions but not anterior or dorsolateral prefrontal ones. In our study, the retrieval of the spatial context of lifelike but similar events activates both medial temporal and prefrontal systems. We conclude that the rich nature of the context (specifically their spatial context) of the simu-lated events in our study, as with autobiographical studies, contributes to medial temporal involvement. Conversely, the similarity between the events used in our study and in studies using conventional laboratory stimuli, compared to the diversity and extended time scale of autobiographical stimuli, contributes to the involvement of prefrontal regions.
While conventional laboratory stimuli allow for great experimental control, memory for events in real life usually concern complex interactions with rather perceptually rich stimuli. In this study we have demonstrated activation of a well circumscribed but extensive temporal, parietal, and prefrontal network in a test of memory for the location of controlled but lifelike events. A continuous temporoparietal strip of activation from parahippocampal cortex to precuneus was observed, in conjunction with posterior parietal, hippocampal, and prefrontal activations. The posterior activations are consistent with a model of imagery and episodic recall based on long-term storage of allocentric information in medial temporal areas that is translated into an imageable viewpoint dependent representation in the precuneus. The prefrontal areas correspond to the entire set of areas reliably implicated in previous studies of episodic recall of conventional laboratory stimuli. The activation of these areas, particularly the dorsolateral and anterior ones, may correspond to areas engaged in strategic retrieval processes relating to the interference caused by the similar nature of the events.
